Introduction
============

A substantial body of research has delineated the neural substrates of pain perception, both at the initial stage of peripheral sensory encoding (ie, nociception) and at later stages of perceptual and cognitive processing in the brain (ie, pain).[@b1-mri-suppl.1-2015-031],[@b2-mri-suppl.1-2015-031] The initial stage of nociception occurs at specialized pain receptors called nociceptors.[@b3-mri-suppl.1-2015-031] Nociceptors innervate target tissue in muscles, joints, the digestive tract, and several internal organs, where they transduce noxious physical sensations into neural impulses that are transmitted along the cell's axon to the dorsal horn of the spinal cord (see the study by Woolf and Ma[@b4-mri-suppl.1-2015-031] for review). Numerous receptor types exist, including large diameter (1--5 μm), myelinated Aδ nociceptors that perform rapid transmission of thermal and mechanical stimulation, and small diameter (0.2--1.5 μm), unmyelinated C fibers, whose subtypes are sensitive to mechanical stimulation, heat, cold, and specific chemical irritants.[@b5-mri-suppl.1-2015-031],[@b6-mri-suppl.1-2015-031] Aδ- and C-fiber nociceptors provide afferent information to the dorsal horn of the spinal cord which, in turn, transmits ascending information to brainstem nuclei and the periaqueductal gray area.[@b7-mri-suppl.1-2015-031] This initial input to the brain then projects to numerous cortical and subcortical regions, forming what is often referred to as a pain matrix,[@b8-mri-suppl.1-2015-031] or cerebral signature.[@b9-mri-suppl.1-2015-031] This network includes somatosensory cortical regions S1 and S2, the anterior cingulate cortex, the insula, and the prefrontal cortex.[@b10-mri-suppl.1-2015-031] Neuroimaging researchers have suggested that this pain network could also be divided into two components, a lateral division, including S1 and S2, that analyzes the intensity and duration of pain, and a medial component involving the anterior cingulate cortex that is involved with the affective or evaluative response to the stimulus.[@b11-mri-suppl.1-2015-031] Taken together, it is clear that researchers have reliable and well-established methods for detecting and quantifying activity at both the level of peripheral nociceptors and the level of subcortical[@b12-mri-suppl.1-2015-031],[@b13-mri-suppl.1-2015-031] and cortical brain regions.[@b14-mri-suppl.1-2015-031]--[@b16-mri-suppl.1-2015-031] However, fewer research tools exist for measuring neural activity in the region of the nervous system that connects nociceptors to the brain---the spinal cord.

A cross-section of the spinal cord depicts a butterfly-shaped region of gray matter consisting of the bilateral dorsal horn and ventral horn ([Fig. 1](#f1-mri-suppl.1-2015-031){ref-type="fig"}). The dorsal horn is typically involved with the processing of afferent sensory information, whereas the ventral horn houses neuronal cell bodies that innervate musculature and stimulate movement. These gray matter regions are surrounded by white matter ([Fig. 1](#f1-mri-suppl.1-2015-031){ref-type="fig"}). Both Aδ- and C-fiber nociceptors transmit information from the periphery to neurons in the ipsilateral dorsal horn of the spinal cord.[@b4-mri-suppl.1-2015-031] This region of the spinal cord is not uniform; rather, it is organized in a laminar fashion. Most nociceptive fibers synapse in layer I and in the dorsal half of layer II.[@b17-mri-suppl.1-2015-031] A large proportion of the neurons found within these laminar layers have axons that remain within the spinal cord. These interneurons are either excitatory (releasing glutamate) or inhibitory (releasing gamma-aminobutyric acid or glycine). The activity of groups of interneurons can have (at least) two functions. First, they can influence reflexive responses to painful stimuli at the level of the spinal cord; this may involve interactions with ventral, motoric regions of the spinal cord. Second, they can modulate the neural signal transmitted to pain networks in the brain. This transmission occurs via projections from neurons in laminar layer I, which form tracts that modulate afferent input to the brain.[@b1-mri-suppl.1-2015-031]

The dorsal horn of the spinal cord is therefore a critical hub in the nervous system's representation of pain.[@b17-mri-suppl.1-2015-031] Indeed, aside from trigeminal nociceptors that innervate the face and head and project directly to the medulla, all pain responses in the body are processed by the dorsal horn.[@b18-mri-suppl.1-2015-031] Therefore, spinal cord activity arising from noxious stimulation is expected in the ipsilateral dorsal horn ([Fig. 1](#f1-mri-suppl.1-2015-031){ref-type="fig"}). This structure has also been implicated in numerous pain-related conditions.[@b19-mri-suppl.1-2015-031] Unfortunately, much of our knowledge of the dorsal horn's role in nociception comes from animal studies. Although informative, there is a clear clinical imperative to add neuroimaging studies of the human spinal cord (ie, spinal fMRI) to this existing knowledge base.

Spinal fMRI has made significant methodological advances in the past 20 years.[@b20-mri-suppl.1-2015-031] It has gone from initial proof-of-principle studies detecting neural activity related to sensation and movement,[@b21-mri-suppl.1-2015-031],[@b22-mri-suppl.1-2015-031] to being used to examine much more nuanced research questions, such as emotion--movement interactions[@b23-mri-suppl.1-2015-031],[@b24-mri-suppl.1-2015-031] and autonomic nervous system activity.[@b25-mri-suppl.1-2015-031] Its ability to detect activity in spinal cord regions related to pain could prove invaluable, both to our understanding of acute pain responses in healthy individuals and in chronic pain conditions. Indeed, spinal fMRI could be used to track changes in pain responses in degenerative conditions such as multiple sclerosis (MS).[@b19-mri-suppl.1-2015-031] It may also prove useful in examining how descending modulation from the brain influences spinal cord responses to pain.[@b26-mri-suppl.1-2015-031] Subjective pain responses---as shown by neuroimaging of the brain---can be modulated by attentional factors,[@b27-mri-suppl.1-2015-031] anticipation,[@b28-mri-suppl.1-2015-031] and mindfulness training.[@b29-mri-suppl.1-2015-031] Using spinal fMRI to examine the impact of this modulation at the level of the spinal cord could provide important insights into how pain is experienced.

However, spinal fMRI is not without its challenges, largely arising from the spinal cord anatomy (for review, see the study by Stroman).[@b30-mri-suppl.1-2015-031] Spinal fMRI requires a higher image resolution than cortical structures because of the small dimensions of the cord and the minute spatial differences between gray and white matter.[@b30-mri-suppl.1-2015-031] The image resolution comes at the cost of the signal-to-noise ratio. The length of the cord makes it difficult to sample a large area transversely without drastically increasing the number of slices used. To combat this difficulty, some researchers have begun sampling the spinal cord in sagittal or coronal orientations. Sagittal and coronal slices increase the risk of partial volume effects; however, this can be overcome by smoothing in the rostral--caudal direction.[@b30-mri-suppl.1-2015-031] An additional challenge associated with spinal fMRI is magnetic field inhomogeneity resulting from the different ways the bone, cartilage, and tissues distort the magnetic field.[@b30-mri-suppl.1-2015-031] In contrast to imaging the brain, which remains relatively stationary, spinal cord imaging is complicated by various sources of motion artifacts from physiological noise (eg, ventilation, cardiac motion, and cerebrospinal fluid circulation).[@b30-mri-suppl.1-2015-031] Additionally, conventional fMRI analysis software is created for brain imaging data and so does not include normalization tools for the spinal cord, and this limits the ability to run group-level analyses. As a result, statistical analysis methodology varies widely across spinal fMRI studies. Despite the challenges associated with acquiring and analyzing spinal fMRI data, a growing number of researchers have successfully imaged activity in the spinal cord in response to various study conditions and have produced results that correspond well with the known anatomy. A recent set of reviews outline the methodologies currently in use for overcoming these acquisition and analysis challenges.[@b20-mri-suppl.1-2015-031],[@b21-mri-suppl.1-2015-031]

The purpose of the current research is to systematically summarize the existing spinal fMRI investigations of pain perception. Doing so serves two key functions. First, it will allow us to examine whether there is consistency across the existing spinal fMRI studies of pain. Second, it will show researchers which empirical questions have yet to be addressed and will hopefully serve as a catalyst for filling these holes in the literature.

Methods
=======

Search strategy and selection criteria
--------------------------------------

In consultation with a medical librarian, we searched the Scopus, Medline, EMBASE, and Web of Science databases from inception to June 10, 2015. A comprehensive search strategy that incorporated Medical Subject Headings, text, and keywords was used to search for abstracts under three main themes: (1) functional magnetic resonance imaging; (2) spinal cords; and (3) pain. The reference lists of all included articles were reviewed to identify any further eligible studies. Studies were included if they reported on original research involving fMRI of the human spinal cord while a painful stimulus was applied. We included studies regardless of language or country of origin.

Study selection
---------------

Two reviewers (TAK and JK) independently reviewed all titles and abstracts, and all abstracts selected by either reviewer were retained. The same two reviewers independently screened all full-text articles for final inclusion, and any disagreements at this stage were resolved by consensus. Articles were included if they met the following criteria: (1) original research; (2) not solely an abstract; (3) reported on human fMRI findings; (4) in the spinal cord; and (5) with pain studied as an outcome.

Data extraction
---------------

Data were extracted from all included articles by two reviewers (TAK and JK) using a standardized form. Extracted information included the year of publication, number of participants, MRI sequence type, type of noxious stimuli, the stimulated dermatome and corresponding segment showing activation, and reported pain ratings. Demographic data included the sex distribution, mean or median age, handedness, and the location of data collection.

Data synthesis
--------------

Each study was classified according to stimulation type, including thermal, electrical, or mechanical pain manipulations. To aid in interpretation, the included studies were grouped into four categories based on the objective of the reported work: (1) investigating the use of spinal fMRI in experimental pain research; (2) advancing fMRI methodology using a pain paradigm; (3) examining nociception differences between spinal cord injured (SCI) patients and controls, and (4) exploring the relationship between pain and cognition. Activation patterns were described according to their anatomical location (ie, side of stimulation: ipsilateral or contralateral), segment, and dorsal or ventral horns.

Meta-analysis was not possible due to the considerable heterogeneity between studies.

Assessment of study consistency
-------------------------------

Gaps in reporting the included studies were assessed qualitatively to identify areas for improved reporting in future research.

Results
=======

Identification of studies
-------------------------

The search strategy yielded 338 total citations: 131 were found using Scopus, 47 from Medline, 68 from EMBASE, and 92 from Web of Science ([Fig. 2](#f2-mri-suppl.1-2015-031){ref-type="fig"}). After duplicates were removed (146), there were 192 records to examine, as well as an additional three records identified by hand searching. From these records, 96 were excluded after reading the title and 99 abstracts were screened. Following this initial screening, 29 full-text articles were examined, after which 10 were removed (abstract only: eight; insufficient data: two), leaving 19 relevant articles. The articles excluded due to insufficient data were primarily focused on improving methodology for spinal cord fMRI, and although they used a pain paradigm, these data were not reported.

Details of included studies
---------------------------

Details of the included studies are in [Table 1](#t1-mri-suppl.1-2015-031){ref-type="table"}. Studies investigating pain in the spinal cord using fMRI ranged in year from 2002 to 2015. There does not appear to be any spinal fMRI data involving patients experiencing acute or chronic pain to date; thus, experimental pain was induced in all the included studies. The majority of the studies (*n* = 15)[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031]--[@b44-mri-suppl.1-2015-031] used thermal nociception, while electricity (*n* = 2)[@b45-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031] and mechanical (*n* = 2)[@b47-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] methods were less common. Spin echo sequences were used in about half of the studies (*n* = 10),[@b33-mri-suppl.1-2015-031],[@b34-mri-suppl.1-2015-031],[@b37-mri-suppl.1-2015-031],[@b39-mri-suppl.1-2015-031],[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] while the other half used a gradient echo sequence (*n* = 9).[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b35-mri-suppl.1-2015-031],[@b36-mri-suppl.1-2015-031],[@b38-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031] Additionally, activity was observed in both the cervical (*n* = 17)[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031]--[@b40-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031]--[@b48-mri-suppl.1-2015-031] and lumbar (*n* = 2)[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031] regions of the spinal cord.

Nine studies were conducted in Europe,[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b35-mri-suppl.1-2015-031],[@b36-mri-suppl.1-2015-031],[@b39-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] nine in North America,[@b33-mri-suppl.1-2015-031],[@b34-mri-suppl.1-2015-031],[@b37-mri-suppl.1-2015-031],[@b38-mri-suppl.1-2015-031],[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031] and one in Asia.[@b45-mri-suppl.1-2015-031] Mean participant age was reported in 15 studies that ranged from 8.8 to 41 years.[@b26-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b33-mri-suppl.1-2015-031],[@b35-mri-suppl.1-2015-031]--[@b44-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] One group reported a median age of 21.5 years.[@b47-mri-suppl.1-2015-031] The number of participants ranged from 6 to 42 participants, although the study with 42 participants had 15 controls from previous work.[@b42-mri-suppl.1-2015-031] Handedness was only reported in seven studies,[@b32-mri-suppl.1-2015-031],[@b33-mri-suppl.1-2015-031],[@b39-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] and all but one of the participants were right handed.[@b32-mri-suppl.1-2015-031] Participant sex was reported in all but one study,[@b46-mri-suppl.1-2015-031] with \~39% being female and 61% being male.

The studies can be grouped into four basic categories according to their focus: (1) providing evidence that spinal fMRI can be performed for experimental pain conditions (*n* = 6),[@b33-mri-suppl.1-2015-031],[@b37-mri-suppl.1-2015-031],[@b39-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] (2) improving methodology using nociception (*n* = 6),[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b38-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031] (3) comparing responses to nociception between SCI and neurologically healthy individuals (*n* = 2),[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031] and (4) extending spinal fMRI to investigate the interaction between nociception and cognition (*n* = 5).[@b34-mri-suppl.1-2015-031]--[@b36-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031] Regardless of the main objective of the study, similar activation patterns in response to painful stimuli are observed in all the studies; however, only a few researchers (*n* = 3) provide quantitative results, such as voxel counts, that would facilitate across-study comparisons and meta-analysis.[@b31-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031] One group reported *x*, *y*, and *z* coordinates for the most active voxel in each run and provided the number of voxels that comprised these clusters,[@b38-mri-suppl.1-2015-031] but these coordinates are not entirely meaningful outside of the study as no standardized spinal cord map presently exists.

Activation patterns
-------------------

### Identification of spinal cord activity

Since spinal fMRI is a recently developed field, standard reporting guidelines do not yet exist. As a result, some data are more difficult to interpret. Reporting of the dermatome to which the stimulus was applied and/or the specific responses in the spinal cord segments is one such aspect. In 15 studies, the authors reported both pieces of information.[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b34-mri-suppl.1-2015-031]--[@b43-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] In four cases,[@b33-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031]--[@b46-mri-suppl.1-2015-031] the authors reported the anatomical region to which the stimulus was applied---we inferred the dermatome that this region corresponded to. The specific spinal cord segment that showed activation was reported in only three of these studies.[@b33-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031] In one case, the authors did not report the dermatome stimulated or the specific segment showing activation, and instead indicated the activity at the vertebral level.[@b46-mri-suppl.1-2015-031] All but one study reported the side of stimulus presentation and spinal cord activation.[@b45-mri-suppl.1-2015-031] Eight studies had activity that was isolated to the dermatome stimulated,[@b26-mri-suppl.1-2015-031],[@b34-mri-suppl.1-2015-031]--[@b38-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031] while the remaining 11 had either more diffuse activity, spanning multiple spinal cord segments, or activity within a few segments of expectation.[@b31-mri-suppl.1-2015-031]--[@b33-mri-suppl.1-2015-031],[@b39-mri-suppl.1-2015-031],[@b41-mri-suppl.1-2015-031]--[@b43-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031]--[@b48-mri-suppl.1-2015-031]

Voxel counts were reported by meaningful spatial locations in only three of the 19 studies. In one study, voxel counts were reported per dorsal or ventral hemicord.[@b31-mri-suppl.1-2015-031] In another study, voxel counts were reported per dorsal or ventral hemicord, and per spinal cord segment.[@b46-mri-suppl.1-2015-031] In the last study, voxel counts were reported per segment.[@b47-mri-suppl.1-2015-031] Coordinates of the most active voxel were reported in one study, but these coordinates are not easily interpretable or comparable to other studies as they would be with standardized brain coordinates.[@b38-mri-suppl.1-2015-031] Unfortunately, statistical analyses were not performed on the voxel counts in any of these studies. Group or single-subject activation maps and qualitative statements regarding active voxel extent and location were reported in the remainder of the studies.[@b26-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031]--[@b45-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] However, without the authors providing a report of the quantification of the active voxels within each quadrant of each spinal cord segment, further analyses cannot be performed.

### General trends

Although most spinal fMRI investigations of nociception reported results qualitatively, there are a number of data trends worth noting. All but one study reported or showed activity in activation maps in the side ipsilateral to stimulation; the anomalous study was unable to make such a determination due to their imaging parameters.[@b46-mri-suppl.1-2015-031] Similarly, all studies reported or showed activity in the dorsal gray matter. Fifteen studies indicated that ipsilateral dorsal gray matter activity was the greatest or only significant signal change observed in the spinal cord in response to pain.[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031],[@b33-mri-suppl.1-2015-031]--[@b42-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] One study indicated that both ipsilateral dorsal gray matter and contralateral ventral gray matter were active and did not indicate if either were significantly more active.[@b47-mri-suppl.1-2015-031] Another study indicated that ipsilateral activity was greater than contralateral activity, but dorsal activity did not appear to be greater than ventral activity.[@b32-mri-suppl.1-2015-031]

Although the literature frequently reports ipsilateral dorsal activity, the spread of activation also extends into contralateral and ventral regions. Contralateral activity was observed in 15 studies, but this activity was often minimal and generally less than in ipsilateral regions.[@b32-mri-suppl.1-2015-031]--[@b39-mri-suppl.1-2015-031],[@b41-mri-suppl.1-2015-031]--[@b45-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] Additionally, ventral activity was also observed in 16 studies.[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b34-mri-suppl.1-2015-031]--[@b39-mri-suppl.1-2015-031],[@b41-mri-suppl.1-2015-031]--[@b48-mri-suppl.1-2015-031] However, this ventral and contralateral activity is often minimal and is seen in nonpain conditions involving cognitive tasks,[@b34-mri-suppl.1-2015-031] in short stimulation blocks (possibly indicating a reflex response),[@b32-mri-suppl.1-2015-031] in a placebo only condition,[@b35-mri-suppl.1-2015-031] and for mechanical stimuli evoking a low pain rating.[@b47-mri-suppl.1-2015-031] Only three studies clearly demonstrated ipsilateral dorsal horn activity without much ventral or contralateral activity.[@b26-mri-suppl.1-2015-031],[@b35-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031] Unfortunately, activity was not consistently localized to the ipsilateral dorsal quadrant at the subject level.

### Pain and methodology

In two-thirds of the included studies, researchers were focused primarily on determining if results from fMRI corresponded to the known physiology of pain transmission in the spinal cord, or improving methodology to better detect this activity. Activity in these papers was generally consistent with physiology but the focus of the research was more concerned with optimizing imaging parameters and controlling factors such as physiological noise and cord motion. For example, in one study, researchers controlled for physiological noise and cerebrospinal fluid motion, concluding that controlling for these factors drastically reduced the signal in the spinal cord, likely reducing the false positive rate.[@b32-mri-suppl.1-2015-031] Upon controlling for physiological and CSF noise, the researchers observed ipsilateral activity that was not localized to either the ventral or dorsal hemicord.[@b32-mri-suppl.1-2015-031] Reviews have already been completed on improved methodology for spinal fMRI.[@b20-mri-suppl.1-2015-031],[@b49-mri-suppl.1-2015-031]

### Pain and spinal cord injury

SCI patients were examined using spinal fMRI in two of the studies.[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031] The patient group consisted of complete and incomplete SCI, and all participants were exposed to noxious stimuli at the L4 dermatome that was below the site of injury. Patients with incomplete SCI who had spared sensory function produced activation similar to that of the neurologically intact controls (ie, ipsilateral dorsal horn, extending to central and ventral regions, and contralateral ventral regions). Patients with complete SCI showed diminished activity in the ipsilateral dorsal gray matter but showed increased activity in the ipsi- and contralateral ventral gray matter compared to controls. Incomplete SCI in which the patients were unable to feel the noxious stimuli produced attenuated activity in the ipsilateral dorsal gray matter, but unlike the complete injured patients showed decreased ipsi-and contralateral activity in the ventral gray matter compared to controls. It is interesting to note that although the same peripheral stimulus was being applied, patients who could not feel the noxious stimulus showed decreased ipsilateral dorsal horn activity. These results suggest that spinal fMRI is sensitive enough to differentiate between nociceptive processing in SCI patients and neurologically healthy controls; such differences may reflect changes in descending modulation from the brain. However, given the small sample size in these studies and the variability in the SCI classifications, further studies are required before definitive claims can be made.

### Pain--cognition interactions

Building on studies that have shown that neural responses to pain can be detected in the spinal cord, research has begun to investigate whether nociceptive responses in the spinal cord can be modulated by top--down processing in the brain. In two studies, the effects of psychogenic responses to pain using either a placebo to reduce subjective pain,[@b35-mri-suppl.1-2015-031] or a nocebo to increase subjective pain are considered.[@b36-mri-suppl.1-2015-031] Participants in the placebo study were convinced that lidocaine cream was applied to a small region on their left forearm, while a control cream was applied to another. Both creams were inert and heat was applied to each region in separate runs. Interestingly, activation in the ipsilateral dorsal gray matter was reduced and contralateral ventral activity was increased in response to the placebo treatment, at the level of the spinal cord (uncorrected for multiple comparisons).[@b35-mri-suppl.1-2015-031] A similar study design was used for the nocebo treatment,[@b36-mri-suppl.1-2015-031] but instead of the lidocaine cream, an inert cream labeled as capsaicin---the ingredient that makes chili peppers spicy---was used. Again, cognition was used to manipulate both subjective pain and physiological responses; increased activity was observed throughout the C5/C6 spinal cord segment---with the peak voxel in the ipsilateral hemicord---with greater activation occurring due to the nocebo than to a pain condition using the same temperature.[@b36-mri-suppl.1-2015-031] These results indicate that the brain can modulate pain responses at the level of the spinal cord.

Further evidence of descending pain modulation was observed in one study where the analgesic effects of listening to music during noxious stimulation were investigated.[@b34-mri-suppl.1-2015-031] Participants reported lower subjective pain ratings while their favorite music was played, and showed decreased activity in the ipsilateral dorsal horn and increased activity in the contralateral ventral horn.[@b34-mri-suppl.1-2015-031] These results indicate that a reduction of subjective pain---a construct of the brain---is associated with attenuated spinal cord activity in nociceptive pathways.

Unfortunately, the cognition--pain interaction in the spinal cord is complicated when the focus is shifted to attention. Two studies manipulated participants' attention while they were exposed to noxious stimuli;[@b40-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031] interestingly, the results differed entirely. In one experiment, participants' attention was diverted from the pain using a 1-back and 2-back working memory task, after which they rated the subjective pain.[@b40-mri-suppl.1-2015-031] The 1-back task produced activity in the ipsilateral dorsal gray matter, as did the control pain condition (uncorrected for multiple comparisons).[@b40-mri-suppl.1-2015-031] However, the 2-back attentional task resulted in no significant spinal cord activation. A significant reduction in activity was observed in ipsilateral dorsal horn between the 2-back and 1-back conditions.[@b40-mri-suppl.1-2015-031] In the other experiment, attention was diverted using three different methods: detecting the number of new speaking characters in a movie, determining the direction of coherently moving dots among distractors, and answering mentally challenging questions.[@b44-mri-suppl.1-2015-031] Surprisingly, during a rating task in which participants were focused on the noxious stimulus being applied, activity in the ipsilateral dorsal gray matter was negative, but was positive during the attentionally demanding tasks.[@b44-mri-suppl.1-2015-031] However, a few possible explanations were provided. Participants rated the thermal stimulation during the attention tasks as more painful than during the rating task, perhaps because the ratings for the cognitive task were performed retrospectively, or because the thermal stimuli were distracting or annoying and thus perceived with a greater intensity.[@b44-mri-suppl.1-2015-031] Additionally, this study used stimuli that elicited mild discomfort with a rating of 2.1 or 2.3/4, while others had pain ratings as high as 7/10 ([Table 1](#t1-mri-suppl.1-2015-031){ref-type="table"}).

Study consistency
-----------------

Various methodological differences exist in the body of literature on responses to painful stimuli using spinal fMRI, complicating the interpretation of the data. The studies differed in terms of fMRI data acquisition: some used gradient echo and some used spin echo sequences ([Table 1](#t1-mri-suppl.1-2015-031){ref-type="table"}), some interpreted results in terms of blood-oxygenation-level-dependent (BOLD) signal changes,[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b34-mri-suppl.1-2015-031]--[@b36-mri-suppl.1-2015-031],[@b38-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031] others referred to signal enhancement by extravascular water protons (SEEP) signal changes,[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031] and some report spin echo sequence imaging parameters that are optimized for measuring both.[@b33-mri-suppl.1-2015-031],[@b37-mri-suppl.1-2015-031],[@b39-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] Field strength was either 1.5 T[@b31-mri-suppl.1-2015-031],[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031] or 3 T;[@b26-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031]--[@b35-mri-suppl.1-2015-031],[@b37-mri-suppl.1-2015-031]--[@b40-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031]--[@b48-mri-suppl.1-2015-031] one group did not mention the field strength.[@b36-mri-suppl.1-2015-031] Directionality of image acquisition also differed: some images were obtained in a sagittal direction,[@b33-mri-suppl.1-2015-031]--[@b35-mri-suppl.1-2015-031],[@b37-mri-suppl.1-2015-031],[@b39-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031]--[@b48-mri-suppl.1-2015-031] while others were obtained axially,[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b36-mri-suppl.1-2015-031],[@b38-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031]--[@b43-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031] resulting in differing ranges of spatial extent of spinal cord covered in each study.

In addition to inconsistencies in data acquisition, differences in the study paradigms exist. The duration of the noxious stimulation paradigms differed, ranging from 3 to 60 seconds ([Table 1](#t1-mri-suppl.1-2015-031){ref-type="table"}). Inconsistencies in the reporting of the subjective experience of the painful stimulation were also present. Most researchers used a visual analog scale for pain or a similar scale for discomfort to report their pain ratings;[@b26-mri-suppl.1-2015-031],[@b31-mri-suppl.1-2015-031]--[@b36-mri-suppl.1-2015-031],[@b38-mri-suppl.1-2015-031]--[@b40-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031]--[@b48-mri-suppl.1-2015-031] however, some did not report subjective pain ratings at all and instead simply stated that the stimuli were noxious.[@b37-mri-suppl.1-2015-031],[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031] Although all papers include which anatomical region was stimulated, some did not clearly translate this anatomical location into a dermatome (*n* = 4)[@b33-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031]--[@b46-mri-suppl.1-2015-031] or state the corresponding spinal cord segment (*n* = 1).[@b46-mri-suppl.1-2015-031] A reader knowledgeable in spinal cord physiology can determine this anatomy. A potential reason for this lack of detail regarding the stimulation paradigms is that in some cases the researchers were more interested in a different, methodological research question and simply used painful stimuli as a means to this end.

The image preprocessing and analysis software also differed: custom-written MATLAB code,[@b33-mri-suppl.1-2015-031],[@b34-mri-suppl.1-2015-031],[@b37-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031] SPM (various versions),[@b26-mri-suppl.1-2015-031],[@b35-mri-suppl.1-2015-031],[@b36-mri-suppl.1-2015-031],[@b38-mri-suppl.1-2015-031],[@b40-mri-suppl.1-2015-031] IDL,[@b41-mri-suppl.1-2015-031],[@b42-mri-suppl.1-2015-031] FSL,[@b31-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b43-mri-suppl.1-2015-031] and AFNI[@b43-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031] were all used. Two studies did not report the software used.[@b39-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] Various statistical methodologies were employed to produce the imaging results, and the resulting spinal fMRI maps were presented at differing thresholds and with[@b26-mri-suppl.1-2015-031],[@b32-mri-suppl.1-2015-031],[@b44-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031] or without corrections for multiple comparisons.[@b31-mri-suppl.1-2015-031],[@b33-mri-suppl.1-2015-031]--[@b43-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031],[@b47-mri-suppl.1-2015-031],[@b48-mri-suppl.1-2015-031] Although methodology has been developed allowing researchers to group imaging data across subjects, and to compare between study groups or conditions,[@b50-mri-suppl.1-2015-031],[@b51-mri-suppl.1-2015-031] in a few of the papers imaging data are presented on a subject-by-subject basis.[@b43-mri-suppl.1-2015-031],[@b45-mri-suppl.1-2015-031] Other researchers reported group values but only include single-subject maps.[@b31-mri-suppl.1-2015-031],[@b46-mri-suppl.1-2015-031] The absence of statistics demonstrating the reproducibility of these individual-level results and the variability in reporting of the group-level results makes it difficult to compare the studies and interpret this body of literature.

Discussion
==========

This systematic review was concerned with determining to what extent fMRI can be used to assess nociception in the spinal cord. Although we included in our search the possibility of locating spinal fMRI papers on acute or chronic pain, no such papers were found. Given the logistical difficulties of imaging nonexperimental acute pain, and due to the lack of reproducible resting state spinal fMRI studies in healthy volunteers with which to compare changes in spinal cord physiology in chronic pain conditions, the paucity of such papers is not surprising. The results trend toward the known anatomy of the spinal cord; activation in the ipsilateral dorsal gray matter seems to be associated with painful stimulation.[@b17-mri-suppl.1-2015-031] However, many of the results presented were not corrected for multiple comparisons, were primarily reported qualitatively, were not analyzed at the group level, or did not assess individual-level reproducibility. Unfortunately, no studies specifically tested the reliability of spinal fMRI in localizing activity at any level. Therefore, although the results are intuitively appealing, we must be cautious in our interpretation of the data.

Unfortunately, due to the heterogeneity of the reporting of results, meta-analysis was not possible; ultimately, mathematical quantification of the results would be ideal. The results typically reported are qualitative and descriptive in nature; however, there is no reason why quantitative data---voxel counts and/or percent signal changes with corresponding statistical thresholds---cannot be reported. A consistent reporting of the location of stimulus presentation along with a quantification of activity in each quadrant of each spinal cord segment is required. In addition to the commonly reported positive signal changes, the less often reported negative signal changes are also important. These data could provide further insight into spinal cord baseline activity and the interaction with other neurons, both within the spinal cord circuitry and the brain's descending modulation. Reporting only positive activation has the potential to greatly oversimplify complex physiological responses. A meta-analysis of this information would have allowed us to establish between-group reliability, presently lacking for spinal fMRI.

Moving forward, reliability and reproducibility need to be established within and between subjects. This would greatly advance the legitimacy of moving spinal fMRI into the clinical realm. Because it has been shown that the spinal cord physiology and functionality can change over time due to injury,[@b42-mri-suppl.1-2015-031] future studies may survey chronic pain patients at different points in time to determine whether the presence of chronic pain is altering the spinal cord. Spinal fMRI may also prove helpful in characterizing demyelinating disease states such as MS.[@b19-mri-suppl.1-2015-031] Since injury and disease states affecting the spinal cord (eg, MS, SCI) often have comorbidity with affective disorders,[@b52-mri-suppl.1-2015-031],[@b53-mri-suppl.1-2015-031] future research may investigate the interactions between pain and affect. As indicated in this review, it is possible to measure cognition--pain interactions, and research has investigated the role of the spinal cord in emotion independently.[@b23-mri-suppl.1-2015-031]--[@b25-mri-suppl.1-2015-031] However, thus far, the interaction between affect and pain has not been directly studied, and cognition--pain interactions require further investigation.

Conclusions
===========

The high level of inconsistency in methodology and statistical analyses makes interpretation of spinal fMRI investigations of nociception difficult. The lack of quantified results makes meta-analysis impossible for these spinal fMRI studies, and this limits the claims that can be made for reliability in this literature. Although the results of the studies cannot be directly compared, in general, there appears to be a response in the ipsilateral dorsal horn of the spinal cord when noxious stimuli are applied, as expected based on anatomical findings. Before spinal fMRI can be used in a clinical setting, for either diagnosis or measuring potential treatments, the reliability at the individual level needs to be established. Future research should develop scanning protocols to measure chronic pain in order to determine how spinal cord responses differ from those of the healthy population and from experimentally induced pain. In order for spinal fMRI to reach its research and clinical potential, full reporting of methodology and results along with assessed reliability is required.
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![Schematic diagram of spinal cord physiology. 1° indicates primary afferent, while 2° indicates secondary neuron. Pain and temperature information travel the primary afferent, enter the spinal cord through the ipsilateral dorsal horn, and synapse with the secondary neuron. The secondary neuron decussates and transmits this information to the brain through the contralateral spinothalamic tract. Numbers (out of 19) indicate the number of studies in which activation in that region was observed.](mri-suppl.1-2015-031f1){#f1-mri-suppl.1-2015-031}
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###### 

Characteristics of included studies.

  AUTHOR (YEAR)     POPULATION (N~1~, N~X~)   ECHO TYPE   NOXIOUS STIMULI (TIME (SEC))                                             STIMULATED DERMATOME                                        PAIN RATING      FOCUS
  ----------------- ------------------------- ----------- ------------------------------------------------------------------------ ----------------------------------------------------------- ---------------- -------------
  Brooks (2008)     Norm (8, 10)              Gradient    Therm: 46.2°C; 46.1°C (30)                                               C8                                                          5--6/10          Methodology
  Brooks (2012)     Norm (18)                 Gradient    Therm: 52.3°C; 51.3°C (3)                                                C8                                                          3.6/10           Methodology
  Cahill (2011)     Norm (8)                  Spin        Therm: 42°C; 46°C (52)                                                   \~C7[a](#tfn2-mri-suppl.1-2015-031){ref-type="table-fn"}    5.0/10           Pain
  Dobek (2014)      Norm (12)                 Spin        Therm: 49.1°C, 10 pulses, 33 Hz (30)                                     C6                                                          53/100; 57/100   Cognition
  Eippert (2009)    Norm (15)                 Gradient    Therm: 46.9°C (20)                                                       C6                                                          60/100           Cognition
  Geuter (2013)     Norm (23)                 Gradient    Therm: 46.3°C (20)                                                       C5/C6                                                       60/100           Cognition
  Ghazni (2010)     Norm (8)                  Spin        Mech: 15 grams (56)                                                      C5/C6                                                       2.125/10         Pain
  Lawrence (2011)   Children (11)             Spin        Therm: 17°C; 27°C (43)                                                   C6/C7                                                                        Pain
  Nash (2013)       Norm (10)                 Gradient    Therm: 47.5°C (30)                                                       C6/C7; C4/C5                                                7/10             Methodology
  Rempe (2014)      Norm (16)                 Spin        Mech: 166 mN[b](#tfn3-mri-suppl.1-2015-031){ref-type="table-fn"} (40)    C6                                                          3.4/10           Pain
  Rempe (2015)      Norm (16)                 Spin        Therm: 36.8°C[b](#tfn3-mri-suppl.1-2015-031){ref-type="table-fn"} (34)   C6                                                          4.5/10           Pain
  Sprenger (2012)   Norm (20, 15)             Gradient    Therm: 47.3°C (22.5)                                                     C6                                                          60/100           Cognition
  Sprenger (2015)   Norm (20)                 Gradient    Therm: 46°C; 47°C (15)                                                   C6                                                          56.7/100         Methodology
  Stroman (2002)    SCI (6) Norm (15)         Spin        Therm: 10°C, 15°C, 2°C (33)                                              L4                                                                           SCI
  Stroman (2004)    SCI (27) Norm (15)        Spin        Therm: 10°C (33)                                                         L4                                                                           SCI
  Stroman (2011)    Norm (11, 5, 9)           Spin        Therm: 18°C; 15°C (45)                                                   \~C7[a](#tfn2-mri-suppl.1-2015-031){ref-type="table-fn"}    2.1/4; 2.3/4     Cognition
  Summers (2010)    Norm (11)                 Gradient    Therm (Laser): 1.34 μm, 4 ms pulse, 0.45 Hz (20)                         C6/C7                                                       3--4/10          Methodology
  Xie (2007)        Norm (6)                  Spin        Electr: 0.2 ms constant current, 20 Hz (35)                              C6/C7[a](#tfn2-mri-suppl.1-2015-031){ref-type="table-fn"}                    Pain
  Xie (2012)        Norm (14)                 Gradient    Electr: 1 ms pulse, 5 Hz (60)                                            C6[a](#tfn2-mri-suppl.1-2015-031){ref-type="table-fn"}      50--70/100       Methodology

**Notes:** Pain ratings were either averaged across participants, or the stimuli were individually adjusted to maintain a pain rating within a specified range. The values for the number of participants are separated by a comma if more than one protocol was used.

Dermatomes determined by hand from anatomical regions.

Sensitization via capsaicin.

**Abbreviations:** Norm, normal, healthy participants; Therm, thermal stimulation; Mech, mechanical stimulation; Electr, electrical stimulation; SCI, spinal cord injury.
